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INTRODUCTION
The ability to integrate thermal energy storage (TES) has been acknowledged as one of the key means to enhance the economic viability of Concentrating Solar Power (CSP) plants by increasing its capacity factor (CF) or by allowing it to decouple solar input from electrical output energy [1] - [7] . In this way CSP plants with TES can generate electricity when needed the most, and at any given load as desired by the plant operator or as required by the grid. However, despite recent technological advances, improved O&M practices and cost reductions, CSP is still more expensive than PV based on the levelized cost of electricity (LCOE) [8] . Indeed PV has seen a rapid decrease in capital expenditures (CAPEX) in recent years [3] [8] , which has thus benefited its large penetration into market with over 150 GW of installed capacity worldwide by end of 2015, compared to approximately 5 GW of CSP [2] [9]. Nonetheless, as more PV is integrated into the grid, its disadvantages of being highly intermittent are more appreciable and so is the potential negative impact it has on the grid infrastructure utilization and power supply stability [1] [4] . The latter have led to a recent push for development of battery electricity storage systems (BESS), although still costly to be implemented at a large utility-scale [10] [11] . Under this context it is important to project the PV-BESS cost in the future and compare with equivalent or optimum CSP TES configuration. This will help in identifying the key cost components which the CSP-TES community should focus on to maintain its leading position towards PV-BESS in the near future.
Several works have been carried out for forecasting the future cost of CSP and PV. In a study by Platzer et al [12] , the authors have developed a process to determine component costs of CSP power plants by using previously available percentage deconstruction of each component from the total CAPEX data found. In the study by Jorgenson et al [11] cost comparison of different configurations for CSP-TES and PV-BESS with different Solar Multiple, and hours of storage has been made. Breyer et al [13] provides the projections for CSP and PV from 2015 to 2030 and determines low, base and high growth case to determine CAPEX costs on the system level and the component level based on previous research on learning curves. Saudi Aramco [14] sees PV storage as most economic at under 4 hours. However, the study by Platzer et al [12] , most of these costs are focusing on Spain and particularly on Parabolic Trough. In study by Jorgenson et al there is no analysis on the resulting LCOE from each of the different cases. In the study by Breyer et al the only missing part of this paper is that CSP costs are modelled as a single unit without separating into its key components. Saudi Aramco's comparison assumes 4 GW of new global CSP capacity installation between 2016 and 2021, which is very conservative.
None of the cited studies provides a comparison against state-of-the-art utility scale PV with BESS. In addition, no study has been performed with Morocco as location which shows the direct impact that specific dispatch requirements (in terms of hours of operation) have on optimum plant layouts with minimum levelized costs. This work provides a summary of most CSP-TES and PV-BESS projections as of 2017. Optimums are identified through multi-objective optimization, for which different operating strategies are considered when simultaneously varying critical design and size parameters in the plant layout. As such, the objective of the present work is to introduce a comprehensive methodology for identifying and comparing the true optimum trade-off curves between cost and availability, in terms of LCOE and CF, for firm output solar-only power plants.
LARGE CAPACITY FACTOR SOLAR-ONLY PLANTS
Solar energy has for long been unattractive to some investors because of its lower capacity factor and higher electricity cost compared to conventional power plants. To make solar energy economically viable and supply secure, it is necessary to increase the capacity factor of the plants. To do so, solar power requires additional system of storage to cope with its output intermittency resulting from weather fluctuations. EES (Electrical energy storage) such as batteries represents an effective solution to mitigate the imbalance associated with PV plants. However, in spite of the recent developments on EES systems efficiency, batteries still require further work to improve their cycle life and thus reduce the overall costs. Similarly, for CSP technology, TES systems are a cost-effective solution to increase the plant capacity factor allowing electricity generation for an extra 3 to 17 h a day. In most of the recent CSP tower plant molten salts are used both as a heat carrier and storage medium. The layout of the CSP-TES plant and PV BESS plant analyzed in this study is shown in Fig. 1 , where both technologies can be identified: the CSP-TES and the PV BESS. The CSP-TES system, a solar tower power plant (STPP) configuration, is depicted by two cycles; the heat transfer fluid (HTF) cycle (shown in thick black lines) and the steam cycle. At nominal conditions, the salts initially stored in a tank (CT) are pumped-up to the receiver (R) mounted on the top of the tower, where energy is provided by the surrounding heliostats, which constitute the solar field (SF). Once heated, the molten salts are stored in the hot tank (HT) which is discharged at a specified flow rate to enter the steam generation train, comprised of the economizer, the evaporator, the superheater and the reheater, respectively denoted as EC, EV, SH and RH. It can be seen that the power block (PB) corresponds to a typical Rankine cycle with extractions for preheating, in which the high and low pressure steam turbines, the deaerator and the air cooled condenser are denoted as HP-ST, LP-ST, D and ACC respectively. The PV-BESS system is depicted by numerous PV arrays connected to central inverters (INV). PV modules are connected in series to create strings, which are then connected in parallel to create arrays. The DC power, produced by these PV arrays, is converted into AC power using INVs, which can then be exported to the grid, and additional power is stored in the battery storage system. It can be used to smooth the power variation of PV plant at the point of common coupling (PCC). In this configuration, the power management (PM) of the instantaneous power at the PCC becomes especially important, as both the battery system and PV plant are treated together as one virtual power plant from the perspective of the grid operator. A power conversion system (PCS) is used which converts AC to DC from the PCC to battery and vice versa. The basic functionality of the battery system is to absorb the excess power or compensate the power deficit, with respect to the dispatch target set by the grid operator.
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METHODOLOGY
The approach followed in the analysis was similar to that presented in previous work by the authors [15] , based on KTH's in-house techno-economic modeling tool DYESOPT [15] . LCOE and firm-power capacity factors are used as performance indicators for our study. For CSP-TES these were calculated based on equations used by authors in their previous work [5] . For PV and battery cost calculations were based on work by Hernández et al [16] and Wesley et al [17] . For each power plant type, DYESOFT considers location-specific inputs such as economic indicators, hourly meteorological conditions as well as detailed plant design input parameters and operation strategies respecting technology limits. It also allows multi-objective optimization and the determination of Paretooptimal solution sets. Pareto-optimization was used to identify optimum trade-offs of plant configurations minimizing LCOE and maximizing CF for different sets of cost references including both updated and projected costs. Optimum plant configurations were determined from a set of design variables shown below in Table 1 corresponding to critical sizing parameters of the key sub-blocks for each of the two technologies considered in the study. Importantly, it should be reminded that in this study power plants were required to inject a firm power of 100 MWe net whenever in operation. Finally, sensitivity analysis, with Solar Field cost as parameter, was carried out to identify cost reduction targets of CSP components. 
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As mentioned earlier, the two technologies for solar power plants were compared at Ouarzazate, Morocco, for which weather and location-related cost data were gathered. Ouarzazate has an average DNI of 2701 kWh/m 2 /y as per Meteonorm, 2011. For PV-BESS, polycrystalline PV panels and Li-ion battery cells were used as reference. In this study, nonetheless, specific improvements at technology-level between years 2017 and 2030 e.g. battery lifetime or Power block cycle efficiency have not been directly considered. Instead, these have been considered indirectly, as it is assumed that any technology change will lead to cost reduction trends. The latter implies that specific cost targets investigated could result either from the direct mass-production and cost-manufacturing reduction of the components while keeping the same technology, or else by improvement of technology only. It is shown in this study that the level of reduction of both solar field and TES costs is the main driver for the success of CSP plants. On the other hand, for PV-BESS, battery system prices will be the main responsible in further reducing the cost for such power plants. Lithium ion battery prices are expected to dramatically decrease with both improvements in R&D (anode and cathode materials, electrolyte composition…) and with mass production and economies of scale [9] [13] .
From Forecasts to Projected Future System Prices
Cost projections from several key research papers were referred in order to obtain input data for the simulation model in DYESOPT. All these papers share the same methodology to perform cost projections in the upcoming years. Several reports from sources such as IEA, GreenPeace, ESTELA and BNEF [2] [3][4] [8] [9] among others present their projections for both PV and CSP installations. These forecasts are combined with gathered data from already operating power plants to determine the evolution of the installed cost ($/kW) versus the total worldwide installed capacity. These curves, so-called learning curves help determine the expected percentage in cost reduction for every doubling of installed capacity for a certain technology. The resulting information from the combination of the projected forecasts and the learning curves enables researchers to predict the evolution of the cost of such technologies for a defined time frame. In this particular case, as so many sources have been utilized and each one has a different starting point, the authors decided to show the cost reduction in percentage. Most of the referred to studies have considered the complete CSP-TES system as a single unit. This is useful when comparing CSP systems with the same configuration (power block, thermal energy storage). However, if variations in the solar multiple, hours of storage should be analyzed, a cost breakdown is required since each component presents different learning rates. According to Trieb et al. [18] in year 2009, 10% and 8% learning rates are foreseen for the solar field and TES components of the CSP plants respectively, while more aggressive learning rates of 21% and 20% are expected for the PV-inverters and battery systems respectively. Form these learning rates it could be inferred that PV-BESS system is expected to have a sharp decrease in cost as compared to CSP-TES system. In this study, several updated projections have been analyzed and cost breakdown of the components for the period 2017-2030 have been presented in Table 2 . 
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As observed in the table above, three different cost scenarios have been presented. The low-cost case scenario presents the most optimistic scenario which will prevail if solar technologies become dominant in future. The base case scenario presents the realistic (reference) scenario taking into consideration the present trends. Finally, the high-cost case scenario is an unlikely pessimistic scenario considering that the deployment of solar technologies slows down. Additionally, in this study, the authors have proposed cost reduction targets for CSP components to cope with the exponential decrease of battery costs forecasted in the next years, as it is shown in the sensitivity analysis section.
In all the cases, a weighted average capital cost of 4.58% was used. In order to calculate WACC, equity to debt ratio of 80:20 was considered. The interest rate for equity component considered was 13.5% and debt component was 3.5 % with a corporate Tax of 30%
RESULTS AND COMPARISON
Results from the evaluation of the CSP-TES and PV-BESS systems are presented in this section. Optimizations were performed for 2017 and 2030, to identify the optimum configurations that comply with generating a firm output of 110 MWe in baseload-like operating schemes (following the same methodology as presented in [5] ). Trade-offs between maximizing firm CF, from 50% to 85%, and minimizing LCOE for each of the configurations are shown and discussed. Representative optimums were selected and impact of critical design variable on trade-offs is also shown. Two different cases corresponding to capacity factor of 50% and 85% were studied. Various system parameters were varied and an optimum configuration was obtained for each case. Figures 2 and 3 show the optimization results corresponding to the CSP-TES cases after 500 evaluations. In these plots, each point summarizes the performance of a specific power plant configuration resulting from the combination of design variables presented in Table 1 . Plants "A" and "B" correspond to the optimum plant configurations minimizing LCOE for the CF objectives of 50% and 85%, respectively. Specifically, plant 'A' consisted of tower plant with a solar multiple of 1.5 and 5 hours of storage, and plant 'B' had a solar multiple of 2.5 and 14 hours of storage. Interestingly, these optimum configurations remains the same for 2017 and 2030. Importantly, the CSP-TES technology is projected to achieve a reduction of 25% in LCOE under both CF by 2030, considering the base-costs case. It is interesting to note that LCOE for CF of 85% is lower than LCOE for CF of 50%. Figures 4 and 5 show the optimization results for the PV-BESS cases. The first noticeable difference with regards to the CSP plots relates to the shape of the curves. In Figures 2 and 4 , each curve represents a storage capacity and its shape is ultimately determined by the increase of solar field or PV capacity. It is observed that in the CSP case, the solar field addition leads to increasing CAPEX, LCOE and CF. The integration of PV seems to maximize CF while helping to decrease the LCOE, by improving the utilization rate of the installed storage capacity (batteries). Similar to the CSP-TES system, the Pareto-optimum PV-BESS configurations undergo a LCOE reduction of 39% for CF of 85% and 33% for CF of 50% by 2030 (base-cost case). The optimum configuration for a CF of 50% is plant 'C' with an installed PV capacity of 165 MW and 5 hours of storage and for CF of 85% it is plant 'D' with 300 MW and 15 hours of battery storage. It is observed that high firm CFs can be reached, but at the expense of high LCOE values although PV-BESS seems to be limited to a CF under 90% for the given location whereas CSP achieves up to 95%. Similar to CSP-TES system baseload dispatch scheme was considered for the simulations.
Optimization Results
Comparative Analysis
Price Scenarios for Optimum Configuration Figure 6 summarizes the variation in LCOE of CSP and PV BESS system for its optimum configuration. From the figure, it can be observed that CSP-TES system is more economically viable than PV-BESS system for both high CF and low CF in the base year 2017. For a high CF (85%), CSP-TES is projected to be economical under all the three cost scenarios. However, for the lower CF case (50%), PV-BESS is projected to outpace CSP-TES by 2030 under all the cost scenarios. It could also be observed that PV-BESS system undergoes a sharp drop in LCOE by 2020. This is due to continuing decline trend of PV modules, until 2020 after which their price reaches saturation, and reduction is possible thereafter only in the battery storage system. After 2020 battery storage system remains the major cost driver. For CSP-TES the major cost drivers are the solar field (SF) and the TES costs. This is intuitive, as with increase in deployment of CSP-TES systems cost of solar field and TES will decrease because of technical maturity and economies of scale. From Fig. 6 , it could be observed that the gap in LCOE between the two technologies for high CF remains significant until 2030. The major reason being the high capital cost of batteries and cheap TES. This provides an opportunity for developers to ponder upon a hybrid PV-CSP system with TES for attaining high CF at 040028-7 lower LCOE. The developers could take advantage of the low PV module prices and inexpensive TES system. It is worth highlighting again, nevertheless, that the optimizations performed consider only state of the art technology for both CSP and PV-BESS and that the main difference between years 2017 and 2030 is assumed only on the cost input, as per Table 2 . In practice, these cost inputs could be related both to either cheaper or also more-efficient components. Moreover, disruptive technological changes such as high-efficiency CSP cycles (e.g. solarized Gas Turbines in combined cycle mode) or innovative BESS systems with larger depth of discharge and number of cycles could significantly alter results. Nevertheless, these results serve as a stepping stone to quantify and qualitatively analyze the future of the two most prominent technologies for both CSP and PV-BESS as of today.
Sensitivity Analysis
In order to maintain the cost competitiveness of CSP under a low CF scenario, several sensitivity analyses were performed. The cost component having a major impact on LCOE was found and target price drop required was calculated. For CSP it was observed that the SF represents the largest capital expenditure share of a power plant thus having the potential to make CSP-TES competitive even in the most optimistic PV scenario for 50% CF. In this research it is calculated that for CSP to be deemed as more competitive than PV-BESS by 2030 as a solar-only technology with a 50% CF, then the SF costs need to drop to around 20 €/m Figure 7 right). It is worth highlighting that these sensitivities were performed one-at-a-time, and thus when considering the potential reduction in costs (or efficiency improvements) in the different sub-blocks altogether then specific cost targets will vary. The latter implies that the SF cost targets to secure competitive edge shall be seen only as an indication while in reality when combined with cost reductions in the TES system then these can be higher. 
CONCLUSIONS
The competitiveness of any technology will be determined by how aggressively these technologies reach the cost targets. Since the cost projections are uncertain it is advisable to consider the range of results rather than single values. Figure 6 and 7 summarize the expected LCOE values under three different scenarios (pessimistic, base and optimistic) for both CSP and PV technologies using thermal and battery storage respectively under two capacity factors (50 and 85%) for the period 2017-2030. It can be seen that optimum CSP tower configurations are found to be the cheapest option in all scenarios for high capacity factors until 2027. From that period onwards, PV becomes the cheapest option under the optimistic scenario through 2030. This reassures the competitive edge for CSP technologies for high capacity factors in comparison to PVBESS. However, for a lower CF of 50% in such optimistic cost projection scenario, optimum PV-BESS configurations are expected to be slightly cheaper than CSPs as battery storage systems are expected to dramatically reduce their price through the studied period. In this study, we have not reviewed the future market response for high capacity factor renewables as compared to lower capacity factor renewables. This could be a subject for future work.
Optimum configurations both for CSP-TES and PV-BESS technologies have remained unchanged during the period 2017-2030, which was unexpected considering the different rates of future cost reductions for each of the components. However, as the components with the largest share in CSP costs (SM and TES) and PV (Battery System) present the most prominent cost reductions, the optimum configurations are not affected and remain the same throughout the 2017-2030 period. Furthermore, the focus for analyzing and comparing CSP and PV technologies has been centered on the cost reductions keeping the technological inputs as constant. If variations in these inputs had been considered the competitiveness of both solar technologies would be further enhanced. Sensitivity analyses were also performed to determine the effect of specific component cost in the competitiveness of CSP compared to PV technologies. For low capacity factors, it has been observed that three to seven fold decrease in the solar field costs (20 to 50 €/m2 by 2030) would be required for CSP to maintain its competitive edge under PV-BESS optimistic and base scenarios for a 50% capacity factor. It is quite unlikely that CSP manages to remain cost-competitive under such circumstances. Conclusively, for high capacity factors (85%) CSP remains the leading solar technology that can offer dispatchable renewable energy at the lowest cost. A sensitivity analysis performed under such high capacity factor scenario helped determine the highest solar field costs with which CSP would still maintain its competitive advantage against the cost-competitive PV technology. It was found that the solar field costs in 2030 could be as high as 110 €/m2. Therefore, if trends and forecasts estimate correctly the future projections for both CSP and PV, CSP will be able to maintain its leading position for high capacity factor power plants. It should be noted that the present study uses the learning rates for CSP TES system from a 2009 study by Trieb et al. [18] . The rates are consistent with the recent trends, and it is assumed that the range between the high and low case takes into account most of the probable cost scenarios.
